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Histology of spinosaurid dinosaur teeth
from the Albian-Cenomanian of Morocco:
Implications for tooth replacement and ecology

Nicola S. Heckeberg and Oliver W. M. Rauhut

ABSTRACT

High numbers of spinosaurid teeth found in Morocco suggest that this clade was
very abundant during the "Mid-"Cretaceous in northern Africa. Several reasons have
been proposed to account for this abundance of spinosaur teeth, from sampling biases
to ecology. However, the number of teeth in the fossil record also depends strongly on
the tooth replacement rate. So far, little is known about the tooth formation time and
replacement rates in spinosaurids. Here, we analysed the histology of several spino-
saur teeth to estimate tooth formation time and replacement rates, using the count of
lines of von Ebner, the daily formed incremental lines in the dentine of the teeth. Line
counts indicated a maximum tooth formation time of 271 days, and replacement rates
were predicted to be between 59 and 68 days. These rates are faster than in other
large theropods for which data are known, and, together with the rather high number of
teeth in a spinosaurid dentition, might thus help to explain the abundance of spinosaur
teeth in the "Mid-"Cretaceous of northern Africa.
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INTRODUCTION

Spinosaurid theropod dinosaurs included
some of the largest predators during the Creta-
ceous, with an almost worldwide distribution (Hone
and Holtz, 2017). Currently, several species are
recognised across the two subfamilies Spinosauri-
nae and Baryonychinae (Hendrickx et al., 2016;
Candeiro et al., 2017; Malafaia et al., 2019). Their
fossil remains are common in Lower (Barremian) to
early Upper (Cenomanian) Cretaceous sediments
of Africa (Algeria, Egypt, Niger, Sudan, Tunisia),
Asia (China, Laos, Thailand), Australia, Europe
(England, Portugal, Spain), and South America
(Brazil) (Bertin, 2010; Candeiro et al., 2017; Hone
and Holtz, 2017).

The most diverse occurrences of spinosaurid
remains are from northern Gondwana and Euro-
pean localities (Bertin, 2010; Candeiro et al,,
2017). Although their phylogenetic relationships
indicate that spinosaurids must have been around
since at least the Middle Jurassic (e.g., Carrano et
al., 2012; Rauhut et al., 2016), fossil remains
referred to the clade prior to the Cretaceous are
sparse and debated (see Buffetaut, 2008, 2011;
Rauhut, 2011; Allain et al., 2012; Vullo et al., 2014,
Hendrickx et al., 2019). Pre-Barremian Cretaceous
occurrences are mainly based on isolated teeth
(e.g., Sales et al., 2017), and the group might have
disappeared soon after the Cenomanian; younger
reports are fragmentary based on isolated teeth
(e.g., Candeiro et al., 2004; Hone et al., 2010) and
more material would be needed to corroborate
their survival after the Cenomanian.

Spinosaurids are characterised by a highly
specialised anatomy, which was originally
described on the basis of a partial skeleton of the
name-giving genus Spinosaurus from the Ceno-
manian of Egypt by Stromer (1915). The dorsal
and sacral vertebrae have elongated neural
spines, likely the support for a large back sail, the
function of which (e.g., display, thermoregulation,
swimming) has been extensively discussed
(Stromer, 1915; Bailey, 1997; Holtz, 1998; Ibrahim
et al., 2014; Gimsa et al., 2016; Candeiro et al.,
2017). The cranium is long and low with a lateral
compression and a long and narrow snout (Dal
Sasso et al., 2005; Rayfield et al., 2007). Recent
morphofunctional analysis of the mandibular-quad-
rate articulation demonstrated specialised jaw
mechanics in these animals (Hendrickx et al.,
2016). Spinosaurus had 15-16 teeth in each side of
the lower jaw (Stromer, 1915), and the spinosau-
rine Irritator had at least 11 and probably not more
than 13 maxillary teeth (Sues et al., 2002). Like-
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wise, a spinosaurine snout from the Cenomnian of
Morocco has six premaxillary and 12 maxillary
teeth (Dal Sasso et al., 2005). Baryonychines have
higher tooth counts, with 32 teeth in each mandibu-
lar ramus of Baryonyx (Charig and Milner, 1997),
and for Suchomimus seven premaxillary and 22
maxillary teeth were reported (Sereno et al., 1998).

Teeth of spinosaurids are relatively easy to
identify, since they are less labio-lingually com-
pressed and often less curved than in other thero-
pods. Furthermore, spinosaurines have no
serrations on the mesial and distal carinae and the
denticles are reduced in size in baryonychines.
Weak longitudinal ridges (flutes) and a typical
microstructural ornamentation are present in many
taxa (Kellner and Mader, 1997; Rayfield et al.,
2007; Hasegawa, 2010; Hendrickx et al., 2019).
Although large crocodyliforms with similar tooth
sizes are known from several localities in which
spinosaurs occur also (e.g., De Broin and Taquet,
1966; Sereno et al., 1999; De Broin, 2002), their
teeth differ from those of spinosaurs in being rela-
tively more robust, lacking flutes, and often having
a distinct medial curvature (see Sereno et al.,
1999; de Broin, 2002). The diet of spinosaurids
was most likely partially piscivorous and focused
on aquatic prey, but also included pterosaurs and
small-bodied ornithischians (Hone and Holtz,
2017).

Especially in Barremian to Cenomanian locali-
ties in northern Africa and Europe, spinosaur teeth
are found in large quantities, which has been
attributed to a number of possible reasons, from
sampling bias (McGowan and Dyke, 2009) to
unusual ecological conditions (Lang et al., 2013).
Tooth development can provide valuable insights
into the feeding behaviour and palaeoecology of
extinct organisms (Fiorillo and Currie, 1994; Brink
et al., 2015; D’Emic et al., 2019). It is well known
that reptiles have a constant tooth replacement
that varies interspecifically (Erickson, 1996a). So
far, no studies investigating the tooth formation and
replacement rates in spinosaurs have been under-
taken.

The tooth formation rate can be estimated by
counting the growth lines in the dentine using histo-
logical thin sections of the teeth. Previous studies
on dentine histology in extinct and extant reptiles
(e.g., dinosaurs, alligators) showed that the dentine
is built daily and that one incremental line of von
Ebner equals one day (Erickson, 1996a, 1996b)
(Figure 1). Two successive teeth of the same tooth
position are necessary in order to calculate the
replacement rate by subtracting the number of
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FIGURE 1. (A) Schematic drawing of a tooth cross section showing the concentric incremental lines of von Ebner and
the radial tubuli. (B) Schematic drawing of a tooth longitudinal section; it demonstrates why cross sections do not

always show all growth lines.

growth lines of the successor teeth from the num-
ber of growth lines of the active tooth (Erickson,
1996a, 1996b). However, this is of course rarely
preserved in the fossil record, and only few studies
have so far used von Ebner lines to estimate tooth
formation and replacement rates in dinosaurs (e.g.,
Erickson, 1996a; Sereno et al., 2007; D'Emic et al.,
2013; Garcia and Zurriaguz, 2016; Button et al.,
2017; D’Emic et al., 2019).

Here, we counted the tooth formation time
and, based on this, estimated the replacement
rates of spinosaurids for the first time, compared
them to those of other archosaurs and interpreted
their palaeoecological implications.

MATERIAL AND METHODS

Five spinosaurid teeth from Albian to Ceno-
manian sediments of Morocco (the Kem Kem com-
pound assemblage; Cavin et al., 2010) were used
for preparing histological slides; as these speci-
mens were purchased from local dealers, no exact
locality information is available. The material is
kept at the Bayerische Staatssammlung fir Pala-
ontologie und Geologie under the collection ID
SNSB-BSPG 2008 XXXVII 1-5 (Figure 2). The
resorbed roots of the teeth show that the individu-
als were alive when the teeth were shed. The tooth
terminology follows Hendrickx et al. (2015). Natu-
rally, not all growth lines are visible in cross sec-

tions (Figure 1). Similar to a stack of paper cups,
which are piled on top of each other, a cross sec-
tion would not show all cups, but a longitudinal sec-
tion would do so (Hillson, 2005). A higher number
of thin sections would be necessary to give a rea-
sonable correlation between cross and longitudinal
sections. The measurements of the teeth were
taken with a digital calliper with a precision of 0.05
mm and are given in Table 1; the positions of the
measurements and of the thin sections are shown
in Figure 3.

Given the brittle nature of the material, prepa-
ration of the thin sections was particularly difficult
and a strict protocol was followed. First, the teeth
were dried and then soaked with epoxy resin. One
side of the crown was then ground with carbon sili-
cide on a dish grinding wheel to the level, where
the thin section should be. Some teeth had to be
cut before grinding, for example, when several thin
sections of the same tooth were made. The ground
side was glued onto an object slide, then cut to a
thickness of 300 ym and was hardened again.
Next, the teeth were glued onto another object
slide, and the first object slide was ground. With an
automatic lap and polish machine the thin sections
were ground to a final thickness of 130 um. After
cleaning the thin section with acetone, a cover slip
was glued onto it.
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FIGURE 2. (A) Positions of the measurements in labial (left) and distal (right) view. L = length from the crown (apex) to
the basal end; WAPa = width measured anterio-posteriorly at the apex; WAPb = width measured anterior-posteriorly
at the base; WLLa = width measured labio-lingually at the apex; WLLb = width measured labio-lingually at the base.
PCap = width of the pulp cavity measured anterio-posteriorly; PCIl = width of the pulp cavity measured labio-lingually.
(B-F) Positions and collection IDs of the thin sections (SNSB-BSPG 2008 XXXVII followed by the number and letter

given in the pictures). All scale bars equal 1 cm.

The thin sections were investigated under a
light microscope with an 8-80 times magnification;
where necessary, crossed polarisers were used.
Photographs of the thin sections were taken with a
Leica DFC 480 digital camera for microscopes.
The growth lines were counted three times. For the
interpretation, the maximum number of lines was
used, because this represents the minimum tooth
formation time.

We plotted the tooth formation rate against
body mass and the tooth replacement rate against
the tooth formation rate. Further, we performed a
linear regression on the replacement vs. formation
rate plots in order to predict the tooth replacement
rate of the spinosaurine based on the maximum
tooth formation rate. The body mass for the spino-

saurid was taken from Henderson (2018), all other
data were taken from Erickson (1996a), D’Emic et
al. (2013), Schwarz et al. (2015), and D’Emic et al.
(2019) (Table 2). The regression was done on the
total data set and on a data set including only
theropods (Table 2, Appendix 1). The software R
was used for all analyses (R Core Team, 2020).

RESULTS
Description of the Teeth

As noted above, the teeth described here dif-
fer from those of large crocodyliforms known from
the "Mid"-Cretaceous of Africa in being more slen-
der, showing well-developed longitudinal striations,
and lacking a marked medial curvature. The five
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TABLE 1. Tooth measurements prior to slide preparation. Abbreviations: L = length from the crown (apex) to the basal
end; WAPb = width measured anterior-posteriorly at the base; WAPa = width measured anterio-posteriorly at the apex;
WLLb = width measured labio-lingually at the base; WLLa = width measured labio-lingually at the apex; PC = dimen-

sions of the pulp cavity.

L WAPb WAPa WLLb WLLa PC
Specimen (mm) (mm) (mm) (mm) (mm) (mm)
SNSB-BSPG 2008 XXXVII 1a 70.9 324 15.0 23.4 13.2 20.6x10.6
SNSB-BSPG 2008 XXXVII 2a 71.9 271 10.9 25.6 8.8 17.4x19.2
SNSB-BSPG 2008 XXXVII 3a 61.4 18.2 9.8 16.9 7.8 11.7 x10.3
SNSB-BSPG 2008 XXXVII 4a 65.9 22.0 8.5 20.6 7.5 10.0x 11.8
SNSB-BSPG 2008 XXXVII 5a 725 22.3 71 17.3 5.4 17.2x11.0

teeth correspond to the spinosaurid tooth morpho-
types MT1a and b described by Richter et al.
(2013) from the Kem Kem assemblage. Within spi-
nosaurids, they can confidently be referred to a spi-
nosaurine spinosaurid based on the more conical
and less recurved aspect of the crown and the
absence of denticles (Stromer, 1915; Hendrickx et
al., 2019). In contrast, in baryonichine spinosaurids
weakly developed serrations are present (e.g.,
Charig and Milner, 1997). All five teeth are rela-
tively well preserved, with only some wear or dam-
age at the apices (so that the crown heights given
are minimal estimates), and the enamel is mostly
present (Table 1, Figure 2). Of course, nothing can
be said about the ontogenetic stage of the animal
the teeth came from on the basis of isolated teeth;
however, as the size of these teeth is larger than
that of the teeth of Baryonyx and several teeth of
Suchomimus measured by Smith et al. (2005), the
elements should represent at least subadult indi-
viduals.

The teeth are conidont and labiolingually flat-
tened to different degrees. The cross section of the
teeth is subcircular to elliptical. The variation in
crown morphology is likely due to different posi-
tions of the teeth in the tooth row. The apices are
rounded and show wear, partially in the form of
spalled surfaces as described in Schubert and
Ungar (2005).

Tooth SNSB-BSPG 2008 XXXVII 1a is the
widest of the investigated teeth. It has a straight
crown and is labiolingually flattened. The flutes on
the labial and lingual sides are well-developed and
there are weakly developed, unserrated carinae on
the mesial and distal side (Figure 2A).

Tooth SNSB-BSPG 2008 XXXVII 2 is slender,
conical, mesiolingually curved and there are few,
weakly developed flutes on the labial and lingual
side (Figure 2B).

Tooth SNSB-BSPG 2008 XXXVII 3 is the
smallest specimen; it is conical with a rounded

apex that is worn more on the distal side than on
the mesial side, which probably is a wear trace
from the antagonist of the tooth, potentially a
spalled surface. The tooth is mesiolingually curved,
there are weak flutes on the labial and lingual side,
and there are weakly developed, unserrated cari-
nae on the mesial and distal side (Figure 2C).

Tooth SNSB-BSPG 2008 XXXVII 4 is slender
and conical. The tooth is mesiolingually curved,
there are weak flutes on the labial and lingual side,
and unserrated carinae on the mesial and distal
side. The distal carina is better developed and
more prominent than the mesial one (Figure 2D).

Tooth SNSB-BSPG 2008 XXXVII 5 is the
highest and has the most acute tip, with little signs
of wear. The tooth is slender and slightly labiolin-
gually flattened, with a weak lingual curvature.
There are weak flutes and both mesial and distal
carinae are unserrated and well-developed (Figure
2E).

Thin Sections

Most of the thin sections show fissures and
red secondary mineralisation (Figures 4, 5). While
tubuli could rarely be seen, lines of von Ebner were
clearly visible in all thin sections. The lines of von
Ebner varied in thickness and distance to each
other.

In the cross section SNSB-BSPG 2008 XXX-
VIl 1b and 1e the growth lines are very thin and
compact, especially closer to the pulp cavity (Fig-
ure 4A, 4B). We counted no more than 271 growth
lines for this tooth (Table 3).

Thick growth lines sometimes alternating with
thinner ones are visible in the cross sections 2008
XXXVII 2b and 2c (Figure 4D-F). The growth lines
around the pulp cavity are bent towards the cavity
(Figure 4F). We counted no more than 260 growth
lines for this tooth (Table 3).

Similarly, thicker and thinner growth lines,
sometimes widely separated from each other, are
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FIGURE 3. (A-E) Teeth SNSB-BSPG 2008 XXXVII 1a—5a in mesial (left) and lingual (right) view. All scale bars equal
1cm.



PALAEO-ELECTRONICA.ORG

TABLE 2. Comparison of body mass (BM), tooth formation rates (TFR) and replacement rates (TRR) in different archo-
saurs. The tooth formation time and predicted replacement rate for the spinosaurine (bold) are from this study. Key: 1 =

Erickson (1996a), 2 = D’Emic et al. (2019), 3 = D’Emic et al. (2013), 4 = Schwarz et al. (2015), 5 = Henderson (2018).

Species Taxonomy BM (kg) TFR(d) TRR (d)
Spinosaurine Theropoda 65005 271 59-68
Albertosauridae indet. Theropoda 20122 5191 4541
Allosaurus Theropoda 25412 3592 1042
Ceratosaurus Theropoda 9662 3372 1072
Deinonychus Theropoda 972 4131 2901
Majungasaurus Theropoda 16142 2932 562
Tyrannosaurus Theropoda 76932 9331 7771
Camarasaurus Sauropoda 289012 3153 623
Dicraeosaurus Sauropoda 73112 1914 204
Diplodocus Sauropoda 319962 1873 353
Mamenchisaurus Sauropoda 197702 2723 983
Nigersaurus Sauropoda 21952 1843 143
Patagosaurus Sauropoda 272212 2063 583
Titanosauria indet. Sauropoda NA 1883 203
Massospondylus Sauropodomorpha 4882 1533 243
Maiasaura Ornithischia 36562 2811 581
Prosaurolophus Ornithischia 31122 3231 811
Edmontosaurus Ornithischia 75862 3391 501
Triceratops Ornithischia 135362 3811 831

present in the cross section 2008 XXXVII 3b. The
density of the lines increases towards the pulp cav-
ity. At one place of the pulp cavity, the first few
growth lines and pulp cavity wall are discontinued
and appear to be re-mineralised (Figure 4C). We
counted no more than 143 growth lines for this
tooth (Table 3).

In the cross section 2008 XXXVII 4b there are
thicker and thinner growth lines; the thicker growth
lines are closer to the pulp cavity (Figure 5A, 5B).
In the longitudinal section 2008 XXXVII 4c the
growth lines are less clearly visible close to the
pulp cavity (Figure 5C). We counted no more than
210 growth lines for this tooth (Table 3).

In the longitudinal section 2008 XXXVII 5b the
growth lines are clear close to the pulp cavity and
fade slightly towards the enamel (Figure 5D-F).
Near the pulp cavity, there is a small cuneiform
splint. The growth lines show a slight diversion
around the splint (Figure 5F). In Figure 5D the cur-
vature of the dentine towards the apex of the tooth
is visible at the enamel-dentine contact. We
counted no more than 217 growth lines for this
tooth (Table 3).

In Figure 6A the tooth formation rate vs. body
mass plot is shown. Without the spinosaurine data
point there would be no overlap between thero-
pods and ornithischians (Appendix Figure 1). The
linear regression on the total and the theropod data
set were similar, resulting in a similar regression
equation (Figure 6B-C, Appendix 1). Based on
these equations the tooth replacement rate for the
spinosaurine teeth was predicted to range between
59 and 68 days. The spinosaurine data point was
plotted on the regression line with the standard
deviation as error bars. Due to the small size of the
data set, these error bars are comparatively long
(Figure 6B-C, Appendix Figures 1-2).

DISCUSSION
Observations on the Thin Sections

Investigating the thin sections under a light
microscope, we discovered some interesting phe-
nomena. The variations in the distance between
the growth lines (Figure 4C) and in the thickness of
the growth lines (Figure 4E) were potentially
caused by irregularities in the biorhythm of the indi-
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FIGURE 4. (A) Section SNSB-BSPG 2008 XXXVII 1b. The growth lines are visible in the upper half of the section;
scale bar equals 1 mm. (B) Section SNSB-BSPG 2008 XXXVII 1e shows the curving of the dentine near the enamel;
scale bar equals 1 mm. (C) Section SNSB-BSPG 2008 XXXVII 3b shows a higher density of growth lines around the
pulp cavity. The arrow indicates the mineralised gap in the internal wall of the tooth; scale bar equals 1 mm. (D) Sec-
tion SNSB-BSPG 2008 XXXVII 2b shows the red mineralisation and fissures; scale bar equals 5 mm. (E) Section
SNSB-BSPG 2008 XXXVII 2c. The arrow indicates the area of a series of start of alternating incremental lines; scale
bar equals 1 mm. (F) Section SNSB-BSPG 2008 XXXVII 2c. The arrow indicates curving incremental lines; scale bar
equals 1 mm.
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FIGURE 5. (A) Section SNSB-BSPG 2008 XXXVII 4b; scale bar equals 1 mm. (B) Section SNSB-BSPG 2008 XXXVII
4b with clearly visible growth lines; scale bar equals 1 mm. (C) Section SNSB-BSPG 2008 XXXVII 4c; scale bar
equals 1 mm. (D) Section SNSB-BSPG 2008 XXXVII 5b shows the dentine tubuli curving towards the apex; scale bar
equals 1 mm. (E) Section SNSB-BSPG 2008 XXXVII 5b shows the red mineralisation and the growth lines; scale bar
equals 1 mm. (F) Section SNSB-BSPG 2008 XXXVII 5b. The arrow indicates the foreign particle with bent growth
lines to its left and right; scale bar equals 1 mm.
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TABLE 3. Number of growth lines counted in the different
thin sections. Abbreviations: C = cross section, L = longi-

tudinal section.

Section  No. of growth

Specimen type lines
SNSB-BSPG 2008 XXXVII 1b C 265-271
SNSB-BSPG 2008 XXXVII 1c C 157
SNSB-BSPG 2008 XXXVII 1d C 197
SNSB-BSPG 2008 XXXVII 1e C 188-209
SNSB-BSPG 2008 XXXVII 2b C 190
SNSB-BSPG 2008 XXXVII 2¢ C 260
SNSB-BSPG 2008 XXXVII 3b C 143
SNSB-BSPG 2008 XXXVII 4b C 192
SNSB-BSPG 2008 XXXVII 4c L 200-210
SNSB-BSPG 2008 XXXVII 5b L 217

vidual (e.g., incubation) or are of metabolic origin
(G. Erickson pers. comm., 2008). The varying
thickness of the growth lines could be linked with
the quantity of food available and/or the content of
minerals in the food. For example, if more calcium
or phosphate was ingested, a thicker incremental
line could have been deposited (Erickson, 19963,
1996b). Environmental influences, like weather or
volcanic activity, and traumatic events like dis-
eases or starvation are potential causes for varia-
tions in depositing incremental lines. Concerning
the variation in the distances between lines, the lat-
ter possibilities are more probable (G. Erickson
pers. comm., 2008).

The more densely deposited lines of von
Ebner around the pulp cavity (Figure 4C) can be
explained by the younger age of the inner growth
lines. Since the incremented lines of dentine are
deposited on the internal side of the tooth, the
older a tooth becomes the less space is left to
deposit the dentine (Erickson, 1996a, 1996b).

The mineralisation at the pulp cavity in section
SNSB-BSPG 2008 XXXVII 3b (Figure 4C) may
have been caused by a pathology in the root of the
tooth and a successive healing before shedding
the tooth. Alternatively, it could be a diagenetic re-
mineralisation after shedding.

Curvature of the growth lines was observed at
the enamel-dentine contact (Figure 4B), close to
the pulp cavity (Figure 4F) as well as curvature of
the dentine tubuli towards the crown apex (Figure
5D). The reasons for these curvatures likely
include the formation of the longitudinal enamel
ridges on the external surface of the tooth, defec-
tive growth, and possible ‘adhesion effects’ of the
tubuli at the enamel-dentine boundary.
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The cuneiform particle in section SNSB-
BSPG 2008 XXXVII 5b possibly intruded the den-
tine during its development, since the growth lines
seem to be affected by this particle (Figure 5F).

It is unlikely that seasonal fluctuations are
observable in the incremental lines, contra John-
ston (1979), who interpreted alternating line bun-
dles in a tyrannosaur tooth as winter and summer
depositions of eight years. Since it has been shown
that the incremental lines represent daily growth
lines and the formation time for an adult tyranno-
saur is around 933 days (Erickson, 1996a), one
tooth includes about 2.5 years (based on the esti-
mation that one Cretaceous year comprised 370-
373 days; Runcorn, 1968).

Temperature can be an influencing factor
during tooth development, however, seasonality is
not likely reflected in the incremental lines. The cli-
mate in the "Mid-"Cretaceous was not character-
ised by strong seasonality with cold winters and hot
summers (Runcorn, 1968). Small scale variations
of the temperature are likely to have had an influ-
ence on the development of the growth lines
(Erickson, 1996a).

Tooth Formation Times Compared with Other
Archosaurs

The differences in the number of growth lines
within one tooth is most likely due to the different
levels of the thin sections (Figure 3) and differing
visibility of the lines. It was not possible to correlate
different sections of the same tooth with each
other. The growth lines are probably not continu-
ous in thickness and distances from each other
throughout the tooth. The maximum number of
growth lines in these spinosaurid teeth was 271
(Tables 2, 3) and represents the minimum tooth for-
mation time, because not all lines of the tooth were
preserved within one slide. Based on the linear
regression on the tooth formation rates of other
archosaurs, the tooth replacement rate for the spi-
nosaur teeth was estimated to range from 59 days
(total data set) to 68 days (theropod data set).
These formation and replacement rates are most
similar to those of Majungasaurus (D’Emic et al.,
2019). Teeth with different volumes, i.e., broad vs
narrow, probably have slightly different formation
and replacement rates (slower for broader teeth,
faster for narrower teeth; D’Emic et al., 2013).

Comparison of the body mass and tooth for-
mation rates shows that the spinosaur teeth exam-
ined here plot between the ornithischian and the
sauropod polygon (Figure 6A, Appendix Figure 1).
It should be noted that the body mass for the spi-
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FIGURE 6. (A) Natural logarithm of tooth formation rate plotted against the natural logarithm of the body mass. Dark
blue = sauropodomorpha, light blue = sauropods, purple = ornithischians, green = theropods. (B) Natural logarithm of
known tooth replacement rates plotted against natural logarithm of tooth formation rates including all available archo-
saurs, with a regression line and the regression equation. Colour code as above; yellow = spinosaur with the standard
deviation as error bars. (C) Natural logarithm of known tooth replacement rates plotted against natural logarithm of
tooth formation rates including theropods only, with a regression line and the regression equation. Colour code as
above. Silhouette of Triceratops by R. Amos, all other silhouettes by S. Hartman from www.phylopic.org; licence https:/

/creativecommons.org/licenses/by-nc-sa/3.0/.

nosaur taken from Henderson (2018) probably rep-
resents slightly larger individuals than those
investigated here; therefore, the estimations here,
although providing some orientation, should be
interpreted with caution. The tooth formation times

of theropods with a similar body mass, e.g., Tyran-
nosaurus with 933 days (Erickson, 1996a), are
considerably greater than those of spinosaurs. The
smaller Ceratosaurus and Allosaurus still have
replacement rates that are almost twice of those
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estimated here, while the only theropod, for which
comparably fast replacement rates were esti-
mated, is the abelisaurid Majungasaurus (D'Emic
et al., 2019). Maiasaura and Mamenchisaurus also
have comparable tooth formation rates (Table 2),
however, they were herbivorous. The short forma-
tion times and even shorter replacement intervals
in ornithischians and sauropods (e.g., D'Emic et
al., 2013) may be explained by their predominantly
herbivorous diet, the associated wear of the teeth,
and the formation of dental batteries. Comparing
tooth formation rates and tooth replacement rates
of other theropods (Table 2, Figure 6B-C), tooth
replacement rates in spinosaurids have been con-
siderably faster than in most other taxa for which
data are available.

Predatory Adaptations

Previous studies have demonstrated conver-
gence of spinosaurs with other piscivorous animals
(Rayfield et al., 2007; Rayfield, 2011); therefore,
the short tooth formation time might be linked with
the diet of spinosaurs. Apart from a presumed
large proportion of fish, spinosaurs also included
small reptiles and pterosaurs in their diet (Charig
and Milner, 1986, 1997; Buffetaut et al., 2004;
Holtz et al., 2004; Dyke, 2010; Hendrickx et al.,
2016). Scavenging has previously been discussed
as a possible mode of diet, but apart from occa-
sionally including carrion (like other predators), a
specialisation on scavenging has been ruled out
(Hone and Holtz, 2017).

The elongated and laterally compressed cra-
nial morphology of spinosaurs resembles crocodil-
ians with slender snouts. Biomechanical analyses
of the Indian gharial (Gavialis gangeticus) and the
spinosaur Baryonyx walkeri showed convergence
in bending resistance and torsional feeding loads,
which supports piscivory (Rayfield et al., 2007;
Rayfield, 2011). A recent study compared the
craniodental features shared by spinosaurs and
conger eels (Conger; Vullo et al., 2016); they sug-
gested that characteristic jaw morphology is an
adaptation to biting and catching quickly moving
aquatic prey. Further, they assumed that integu-
mentary mechanoreceptors were involved in prey
detection in spinosaurs as they are in extant pike
congers (Muraenesocidae; Vullo et al., 2016). A
recent study that investigated the neuroanatomy of
Irritator challengeri, more evidence for adaptations
for piscivory was found (Schade et al., 2020). How-
ever, many of these features would generally be
advantageous for a specialization on small, elusive
prey that is being secured with the jaws before
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swallowing, as argued by Rauhut (2001a). Evi-
dence from stomach contents, i.e., fish scales
(e.g., Lepidotes) and remains of a juvenile iguano-
dontid in Baryonyx (Charig and Milner, 1997), and
a spinosaur tooth in the vertebra of a pterosaur
(Buffetaut et al., 2004) support the hypothesis that
spinosaur diets mainly included small and elusive
prey.

Isotopic data suggested a semi-aquatic life-
style for spinosaurs (Amiot et al., 2010), although
some spinosaur teeth were found with a similar iso-
topic signal as other terrestrial theropods. Ibrahim
et al. (2014; 2020) suggested anatomical features,
such as the retraction of the fleshy nostrils, modifi-
cations in the pelvic girdle and hind limbs, and a
propulsive tail to also support a semi-aquatic life
style and associated piscivory, although their
reconstruction of Spinosaurus as a semi-aquatic
animal has been criticized on anatomical (Evers et
al., 2015) and biomechanical reasons (Henderson,
2018). Similarly, Gimsa et al. (2016) put forward a
new hydrodynamic hypothesis concerning the
function of the back sail of Spinosaurus, but this
hypothesis was also made rather unlikely by the
biomechanical considerations of Henderson
(2018). Thus, a semi-aquatic lifestyle might be pos-
sible, but potentially was not obligatory for survival
(see discussion in Hone and Holtz, 2017).

However, a specialization on small and elu-
sive prey that had to be caught and secured in the
jaws might help to explain the fast replacement
rates of spinosaurs compared to other theropods.
Securing live and struggling prey in the jaws would
exert rather large forces on individual teeth,
increasing the danger of losing teeth during feed-
ing. Apart from the relatively high tooth count (at
least in baryonichines), more robust, conical shape
of the teeth and the extremely deep implantation in
the jaws (e.g., Charig and Milner, 1997; Rauhut,
2001a), fast replacement rates would be of advan-
tage to keep the number of functional teeth high.

Palaeoecology

The palaeoecology of the Kem Kem Beds
(Morocco) has been difficult to interpret, one of the
best known and most diverse "Mid-"Cretaceous
fossil occurrences in northern Africa (Cavin et al.,
2010). There is an overabundance of theropod
remains, especially in the form of countless num-
bers of spinosaur teeth, compared to herbivorous
dinosaur remains and other theropod teeth (Rus-
sel, 1996; Lang et al., 2013; Benyoucef et al.,
2015). This unbalanced phenomenon may be
explained by a special ecosystem unlike any pres-



ent today, collection bias, taphonomic factors such
as time-averaging, and stratigraphic uncertainties
(McGowan and Dyke, 2009; Dyke, 2010; Lang et
al., 2013; Benyoucef et al., 2015). Unknown or
undiscovered behavioural aspects of the dinosaur
groups may also play a role (Lang et al., 2013).

An overabundance of theropod teeth in com-
parison to those of herbivorous dinosaurs is also
seen in other localities, and might, at least partially,
be due to taphonomic factors, i.e., that herbivore
teeth might be more prone to destruction due to the
extensive wear suffered by most of these teeth
prior to replacement (Rauhut, 2001b). The esti-
mated fast replacement rates might furthermore be
another factor to explain the overabundance of spi-
nosaur teeth when compared to other theropods.

CONCLUSIONS

Investigations of the incremental lines in spi-
nosaurine teeth showed relatively short tooth for-
mation times, and the replacement rates were
estimated to have been relatively fast compared to
similarly large theropod dinosaurs, i.e., tyranno-
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saurs, but also most other theropod taxa for which
data are available (see D’Emic et al., 2019) These
special teeth match the overall specialised anat-
omy of spinosaurs well. The short formation times
and predicted high replacement rates support the
hypotheses of an adaptation towards small and
elusive prey, such as fish.

For future studies, CT-scanning maxillary or
dentary fragments with teeth that were in use at the
time of death and replacement teeth in situ would
be necessary in order to more reliably calculate the
replacement rates of spinosaur teeth.
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APPENDIX 1.

Output from linear regression analyses (available online in spreadsheet format at https://palaeo-
electronica.org/content/2020/3170-histology-of-spinosaurid-teeth).
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APPENDIX FIGURE 1. Natural logarithm of tooth formation rate plotted against natural loga-
rithm of body mass including labels for individual data points and highlighting the spinosaurine
data point. Dark blue = sauropodomorpha, light blue = sauropods, purple = ornithischians,
green = theropods, yellow = spinosaurine.
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APPENDIX FIGURE 2. Natural logarithm of known tooth replacement rates plotted against nat-
ural logarithm of tooth formation rates including all available archosaurs and individual labels. A
regression line and the confidence interval were added. Colour code as in Appendix Figure 1.



